Early investigators found contradictory evidence that vascular smooth muscle activation reduces the elastic modulus of the arterial wall under isotonic conditions but increases it under isometric conditions, concomitant with increased pulse-wave velocity. We examined the individual contributions of aortic constituents to the elastic modulus of the aortic wall to determine if isobaric analysis produces an accurate assessment of vascular smooth muscle activation. We used a modified Maxwell model assuming an incremental elastic modulus (Ei0,) composed of the elastic modulus of elastin fibers (EE), the elastic modulus of collagen fibers (Ec) affected by the fraction of collagen fibers (fc) recruited to support wall stress, and the elastic modulus of the vascular smooth muscle (EsM) often been believed to be an important factor in the mechanical properties of the blood vessel, although it has been demonstrated that activation of VSM shifts the stress-strain relation toward a higher level of stress.2-15 Dobrin and Rovick6 showed in experiments performed in segments of canine carotid artery that muscle activation increased the elastic modulus when this was plotted as a function of strain and reduced the elastic modulus when the plot was performed as a function of pressure, explaining early findings that activation of VSM increased the elastic modulus in some experiments and decreased it in others. Recently, Nichols and O'Rourkel6 suggested that the elastic modulus at the same level of strain should be regarded as the most attractive approach to use in functional terms.
T he function of the elastin and collagen fibers is to maintain a steady tension to hold the wall against the transmural pressure present in the vessel. ' The smooth muscle contribution to the elastic behavior of large arteries is a controversial topic. The active behavior of the vascular smooth muscle (VSM) alters the viscosity as well as the elasticity of the vessel wall. The active tension developed by the VSM has not often been believed to be an important factor in the mechanical properties of the blood vessel, although it has been demonstrated that activation of VSM shifts the stress-strain relation toward a higher level of stress.2-15 Dobrin and Rovick6 showed in experiments performed in segments of canine carotid artery that muscle activation increased the elastic modulus when this was plotted as a function of strain and reduced the elastic modulus when the plot was performed as a function of pressure, explaining early findings that activation of VSM increased the elastic modulus in some experiments and decreased it in others. Recently, Nichols and O'Rourkel6 suggested that the elastic modulus at the same level of strain should be regarded as the most attractive approach to use in functional terms.
The individual contribution of elastin and collagen fibers to the whole aortic elasticity has been assessed in normal and diseased conscious dogs in recent works. 17 "S by guest on May 22, 2017 http://circres.ahajournals.org/
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In these studies, the elastic modulus of the whole aortic wall was composed of the elastic modulus of elastin fibers (EE), the elastic modulus of collagen fibers (Ec), and the recruitment of collagen fibers (fc) supporting wall stress at a given transmural pressure and was based on the model of two springs arranged in parallel. 17 The elastic contribution of the VSM in conscious animals remains unknown. To adequately represent the participation of VSM in the mechanical properties of the arterial wall, we used a modified Maxwell model because there is some evidence that the arterial wall is better characterized by a Maxwell model than by a Voigt configuration.1920 This approach permits a complete evaluation of the individual elasticity of the major aortic wall components. It should be noted that the assessment of VSM contribution to aortic elastic behavior should be performed in conscious animals, because constriction of large arteries usually is not seen in anesthetized animals.7
The purpose of the present study was to assess, by using the linear elastic theory, the role of VSM activation on the elastic modulus of the aortic wall in the conscious dog and to quantify the individual contribution of its constituents to the mechanical properties.
Materials and Methods

Surgical Preparation
Eight male mongrel dogs aged 5 .2+1.8 years and weighing 21 .8+2.7 kg were prepared for this study. On arrival, the dogs were vaccinated against common canine diseases and were treated for skin and intestinal parasites. During the 20 days before surgery, they were appropriately fed and watered and assessed for adequate clinical status.
Anesthesia was induced with intravenous thiopental sodium (20 mg/kg) and, after intubation, maintained with 2% enflurane carried in pure oxygen (4 L/min) through a Bain tube connected to a Bird Mark VIII respirator. A sterile thoracotomy was made at the left fifth intercostal space. A pressure microtransducer (Konigsberg P7, 1200-Hz frequency response) and a fluid-filled polyvinyl chloride catheter (outer diameter, 2.8 mm, for later calibration of the microtransducer) were implanted in the descending thoracic aorta through a stab wound in the left brachial artery. A pair of ultrasonic crystals (5 MHz, 4-mm diameter) was sutured on the adventitia of the aorta, after minimal dissection, to measure external aortic diameter. The transit time of the ultrasonic signal (1580 m/s) was converted into distance using a sonomicrometer (Triton Technology Inc, 100-Hz frequency response) and observed on the screen of an oscilloscope (Tektronix 465B) to confirm optimal signal quality. A ory, based on the incompressibility and isotropy of the aortic wall, ie, a Poisson ratio equal to 0.5. Therefore, hookean material obeys the following equation:
cr= Ex e where E is the elastic modulus. However, the arterial wall presents a nonlinear stress-strain relation; therefore, it is not possible to characterize its elastic response by a single elastic modulus.
In a previous report,17 using a simple model of collagen and elastin fibers arranged in parallel, we demonstrated that Ei,, of the arterial wall is composed of EE and Ec, which are affected by the fc fraction recruited to support wall stress,24 according to
To demonstrate the recruitment of collagen fibers with increasing strain, the collagen is represented by a number of springs that attach at different degrees of extension and thus simulate the elastic behavior of the collagen fibers represented by the product EcX fC30 (Fig   1) .
With this approach, the stress-strain relation can be written as c-=EE(e-EOE)+EcXfcx e where EOE iS the strain-axis intercept, ie, the extrapolated value of strain for stress equal to zero.
Mechanics of VSM
To evaluate the mechanics of VSM, a modified threeelement Maxwell model was used because there is evidence that the wall of blood vessels is better characterized by that model than by the Voigt configuration. Activation of VSM alters the stiffness of the aortic wall. When the elastic modulus (calculated as the first derivative of the stress-strain relation) was plotted as a function of strain (Fig 6, top) , it is seen that VSM 1 //// /9 activation resulted in increased wall stiffness at almost any level of strain. In contrast, when the elastic modulus was plotted against transmural pressure, its highest value was obtained during the control condition, indicating that arterial stiffness decreased after phenylephrine administration (Fig 6, bottom) . Since To determine the pressure-diameter relation in the conscious animal, we used the ultrasonic dimension technique27,34 and a miniature pressure gauge (Konigsberg P7). This methodology, which has been used by us in previous studies,171835,36 allows accurate and reproducible measurements on a long-time basis because of the high frequency and the linearity of response of both dimension gauges and the pressure transducer. The 200-Hz sampling rate used in the digitization of the data is at least two times higher than the highest frequency components in the pressure and diameter spectra, thus allowing signal reconstruction without distortion.
To study the elastic behavior of individual components, we induced wider variations in pressure and diameter than those observed in the control and active steady states. These variations were made by use of implanted pneumatic occluders in the descending thoracic aorta and inferior vena cava. Because the variations in pressure and diameter are extremely rapid, the response of the aortic wall to occlusion maneuvers only reflects the intrinsic passive elastic properties of the vessel wall. The elastic parameters were calculated from aortic signals previously converted into stress and strain using a thick-walled cylindrical tube model and linear elastic theory. The validity of the use of this theory to describe the aortic mechanical properties as well as the use of a static elastic modulus to study the aortic elastic behavior has been discussed by Pagani et al.1' The internal radius used in the calculation of stress was discussed by Dobrin and Rovick.6 These authors stated that the wall volume of a given segment of artery remains unchanged in vivo; therefore, the instantaneous internal radius and wall thickness can be calculated. The elastic modulus was calculated as the slope of the stress-strain curve and theoretically describes the inherent stiffness of a vessel independent of its geometry.
A three-component model is needed to adequately represent the properties of all smooth muscle tissue that has been studied. In effect, the simplest model that has been extensively applied to different muscle fibers consists of two components. One component is the contractile component (CE), which behaves as a simple viscous element in the resting muscle and offers no permanent resistance to stretch; this component alters its properties when the muscle is active. The second component is an elastic spring (SEC) coupled in series with the CE. The SEC may be defined as the algebraic sum of all those undamped compliances coupled with the forcegenerating apparatus. To represent the properties of the muscle at lengths at which some passive force is present in the relaxed tissue, a second nonlinear spring needs to be included. This passive component can be placed either in parallel or in series with the branch SEC-CE. Studies performed by Dobrin and Canfield19 20 in canine carotid artery demonstrate that the Maxwell model is preferable to the Voigt model as a representation of carotid artery mechanics. Accordingly, we used a modified Maxwell model to characterize the elastic behavior of the aortic wall, including a PEC. We assume that the PEC represents the elastic behavior of the aortic wall with the smooth muscle relaxed or under normal vasomotor tone with negligible elastic effects. To show that VSM does not participate in determining the normal vasomotor tone, we performed additional experiments with continuous nitroglycerin infusion. We selected this agent because of its rapid and intense VSM relaxing effect. 37, 38 The similarity between the nitroglycerin and control curves reveals the nonsignificant activation of the VSM during the control condition. On the basis of a previous report,17 we characterized the PEC as a parallel arrangement of two springs representing the elastic behavior of elastin and collagen fibers of the aortic wall. The Maxwell model has been claimed to have the following major limitations33: (1) The SEC is not a purely passive component, and its behavior partly depends of the degree of VSM activation. (2) The contractile element may not be freely extensible in a resting muscle; thus, it could contribute to the estimated passive properties of the PEC. (3) The estimation of the PEC is often carried out when the contractile system is not fully relaxed or functionally inactivated, because most VSMs retain some level of tonic activation even when stimuli are not applied. In spite of these serious objections to analyzing muscle behavior by analogue models, a modified Maxwell model is sufficient to resolve the elastic modulus of the aortic wall into its elastin, collagen, and smooth muscle components. Because in functional terms the intrinsic characterization of the CE is not necessary, we consider the tandem CE-SEC as a functional elastic unit. In addition, we have found the values for the elastic modulus of elastin and collagen fibers in conscious dogs to be very close to those obtained from excised vessels.17 On these grounds, we think that the residual effect of the contractile element in the resting muscle is very small or negligible.
We think that it could be interesting to apply the present model to other vessels, because the proportions of the elastic components differ greatly between different types of normal vessels in the same manner as the state of VSM contraction and the degree of coupling or mechanical association among components. Moreover, in human vessels and in some experimental models, age and diseases such as hypertension and atherosclerosis produce marked changes in the composition and organization of the vessel wall structure that determine changes in their mechanical properties. An important feature of atherogenesis is the focal smooth muscle cell proliferation accompanied by matrix fiber accumulation. Characterization of the elastic behavior of VSM in normal and diseased vessels could provide insight into mechanical factors that may modulate the morphogenesis of atherosclerotic plaques or contribute to the pathogenesis of medial sclerosis.39 On the other hand, comparative studies of hypertensive and normotensive vessels of human and other animal species have shown that hypertensive vessels are generally thicker and stiffer than those of their normotensive counterparts. 40 The main limitation in applying this approach to vessels other than the aorta -is the assessment of the PEC.
Consequently, further studies are indispensable for evaluation of the PEC in peripheral arteries, since the different degree of VSM proportion and the changes in the structural network might lead to a misapplication of the modified Maxwell model. Once PEC is characterized, the elastic behavior of VSM could be easily carried out.
The passive elastic properties of the arterial wall were estimated by the elastic modulus of the elastin and collagen fibers. The method used to assess these parameters has been previously reported by us. 17 In this previous study, we used a simple model of collagen and elastin fibers arranged in parallel, where the slope of the linear phase of the stress-strain relation (at low strain ranges) represents the resistance to stretch due to the elastin fibers. Furthermore, by breaking down the original stress-strain relation to split the elastin and collagen stress-strain relations, we found that the participation of the collagen fibers in supporting the load of the aortic wall starts when the stress-strain relation no longer fits a linear mathematical model. This indicates that collagen fiber recruitment increases as the artery is distended. Our value for the elastic modulus of elastin fibers (4.99± 1 (Fig 4) is due to the existence of a high series compliance in most kinds of smooth muscle. The net effect is that the peak for the active stress-strain relation is skewed to the right, compared with the theoretical smooth muscle curve. The maximum active stress occurred at high strain (Fig 4) , served at low pressure levels (Fig 5) . This occurs because in the control state the vessel remains distended until pressure reaches its lowest levels (Fig 3) . The value for maximum active stress is close to the one reported in carotid preparations in vitro (0.88±0.10x 106 dynes/cm2), whereas the maximum active elastic modulus (Fig 7) think that the reduction of aortic wall stiffness at high levels of pressure, mediated by VSM activation, could be considered as a beneficial contribution to circulation. In summary, for the assessment of the elastic behavior of active muscle in conscious dogs, it can be concluded that the isobaric analysis of the elastic modulus is, essentially, an analysis of the behavior of two different materials, ie, VSM (which has a very low elastic modulus) and CONTROL collagen fibers (whose high elastic modulus determines the mechanical properties of a highly distended artery). Under isometric analysis, the elastic modulus of the arterial wall increases with smooth muscle activation. This type of analysis permits the assessment of VSM elastic behavior independent of the spurious influence of the vessel geometry and therefore is the most appropriate approach to use in functional terms. A B
